In order to determine trace metal (cadmium, copper, lead, manganese and zinc) levels in muscles in relation to organism growth, abalones Haliotis at various stages from Japanese coastal regions were collected and analyzed. Concentrations of Cd and Pb, two non-essential metals, in the muscles of abalones decreased as the organisms became older. In addition, no significant difference was apparent in Cu, Mn, and Zn concentrations, three essential metals, with increases in shell length (age), although a close negative linear relationship with growth was observed in Zn in one habitat. These results indicate that abalone has an ability to differentiate those metals and develops this ability as the organism became older. This effect appears to be almost consistent, despite habitat variation in the genus Haliotis.
INTRODUCTION
A coastline is a complex region composed of bays, estuaries and large semi-enclosed areas where human population and industrial development are concentrated, making the area subject to contamination. Direct assessment of water quality is difficult. Trace metal concentrations in seawater are often so low that chemical preconcentration is necessary for analysis, and clean sample collection and handling techniques must be implemented. The ability of marine mussels to biologically incorporate trace metals into their tissues has been well established, and most of the studies have been carried out on the soft tissue.
In comparison with molluscan tissue as a biomonitoring indicator for estimation of the coastal environment, little is known about the influence of internal and external factors upon the concentrations of trace elements in the tissue, such as age, body size, sex, reproduction and diet. [1] [2] [3] [4] [5] However, such studies concerning the internal factors in tissue should also be a prerequisite for reliable biomonitoring.
The abalone Haliotis is a common marine gastropod distributed worldwide in coastal regions and the tissue, especially muscle, is commercially one of the most important for human consumption. 5 Abalones are macro-herbivores, grazing on certain preferred benthic seaweeds, and are relatively long-lived relative to other coastal gastropods. 5 They move only short distances on rocky substrates where the larvae settle, so both seaweed and molluscs occur in a common nearshore shallow water habitat and can be repetitively sampled. Accordingly, these organisms might act as an effective coastal biomonitoring indicator. 6, 7 The main objectives of the present study were to reveal the relationship between growth, such as shell length and age and trace metal (cadmium, copper, lead, manganese, and zinc) concentrations in abalone muscles, collected from Japanese coastal regions. We also determined the abovementioned metals concentrations in muscles of the same growth stage (age) collected from various coastal regions of Japan. The results constitute a basis for the use of molluscan muscles as a biomonitoring indicator.
Growth effect on the uptake and elimination of trace metals in the abalones Haliotis 9 and then passed through an anion exchanger, Dowex-1 ¥ 8 (Cl -) (Dow Corning Corp., Midland, MI, USA) in order to adsorb cadmium (Cd), lead (Pb) and zinc (Zn). The trace metals retained on an anion exchanger were stripped with 1 M nitric acid, evaporated to dryness and dissolved in 0.1 M nitric acid. The eluent containing copper (Cu) and manganese (Mn) was evaporated to dryness, dissolved in 6 M hydrochloric acid 9 and passed through the anion exchanger to adsorb Cu. The retained Cu on the anion exchanger was stripped with 1 M nitric acid, evaporated to dryness, and dissolved in 0.1 M nitric acid. The eluent containing Mn was evaporated to dryness and dissolved in 0.1 M nitric acid.
The Cd and Pb concentrations in the dissolved solution were measured by graphite furnace atomic absorption spectroscopy (AAS) using a Varian Techtron AA-1000 (Varian Inc., Walnut Creek, CA, USA), and concentrations of the Cu, Mn and Zn in the dissolved solution were measured using an inductively coupled plasma atomic emission spectrometer (ICP-AES) employing a Hitachi P-5200 (Hitachi, Tokyo, Japan). The concentrations of metals in the muscle are expressed as mg/g on a dry-weight basis. A standard reference material, mussel tissue from Mytilus edulis (BCR CRM 278) was included in the analysis as quality-control samples. The deviations from certified values (certified value/detected value ¥ 100-100) in these metals ranged from -4.3 to 6.9%.
Statistical analyses
Differences among data were tested by an analysis of variance (anova) and then Fisher's multiplerange test for the data combinations. The significance of the correlation coefficient and regression slope was tested by Fisher's Z-transformation and an analysis of covariance (ancova).
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RESULTS AND DISCUSSION
Uptake and elimination of trace metals in abalone muscle accompanying growth
Close negative linear relationships were apparent between shell length and Cd and Pb concentrations in the muscle of Haliotis discus hannai collected from Onagawa and H. discus collected from Amatsu Kominato (Fisher's Z-transformation, P < 0.0001) (Fig. 2 ). Significant differences in the regression slopes for these metals occurred between the two abalone groups (ancova, P <
MATERIALS AND METHODS
Specimens and muscle preparation
Haliotis discus of different sizes (3.9-15.6 cm) was collected along the coast of Amatsu Kominato, Chiba Prefecture, Japan, on 24 August 1994 (Fig. 1) . Haliotis discus hannai of different sizes (7.3-12.4 cm) was collected along the coast of Onagawa, Miyagi Prefecture, Japan, between September and November 1994. Haliotis discus of a similar developmental stage (5 years old) was collected along the coasts of Noto (n = 1; 13.5 cm), Ishikawa Prefecture in September 1994, Mugi (n = 4; 11.2-12.7 cm), Tokushima Prefecture in November 1994 and Nomozaki (n = 3, 11.9-16.0 cm), Nagasaki Prefecture in June 1994, Japan. Specimens were stored at -20°C immediately after collection, and were frozen until dissection. Total lengths were measured to the nearest 0.1 mm, and age was determined according to Tanaka and Tanaka. 8 In a clean room, the muscle was dissected from the shell and then the other organs were dissected. A total of 47 muscles were used for the present study. Those samples were dried at 80°C for 12 h in an oven.
Analytical procedure
The samples (5-10 g) were digested to a transparent solution with sufficient volumes of nitric acid and hydrogen peroxide. The dry residue was converted into chlorides by evaporation in 15 mL con- T Arai et al.
0.0001). Cd and Pb concentrations in H. discus
hannai muscles from Onagawa were 0.29 mg/g and 0.03 mg/g, respectively, in 7.7 cm specimens (3 years old), and decreased gradually with increases in shell length to 0.09 mg/g and 0.01 mg/g, respectively, in 12.3 cm specimens (6 years old). Cd and Pb concentrations in H. discus muscle from Amatsu Kominato also gradually decreased from 0.24 mg/g and 0.09 mg/g, respectively, in 3.9 cm specimens (0 years old), to 0.05 mg/g and 0.01 mg/g, respectively, in 15.6 cm specimens (8 years old). No significant difference was apparent in Cu, Mn and Zn concentrations with increases in shell length for either species (Fisher's Z-transformation, P > 0.1), except for Zn in H. discus from Amatsu Kominato, which showed close negative linear relationships with abalone growth (Fisher's Z-transformation, P < 0.0001). The Zn concentration in H. discus muscle from Amatsu Kominato was 43.1 mg/g in 3.9 cm specimens (0 years old) and decreased gradually with increases in shell length to 32.9 mg/g in 15.6 cm specimens (8 years of age).
The relationships between Cd and Pb concentrations in abalone muscle and shell length clearly showed that those concentrations change with growth. The larger individuals contained less Cd and Pb than did smaller animals. It has also been reported that lead concentrations decrease gradually with increases in shell length (age) in Haliotis discus and Haliotis sieboldii. 7 Abalone, which inhabits the same locations within coastal areas, might experience similar ambient environmental conditions (e.g. water temperature, salinity, water chemistry, photo-periodicity and diet) despite the differences in growth stage. The metal concentrations in muscle, which are influenced by the various metal concentrations in seawater, might be constant regardless of the various growth stages of abalone in each area. Accordingly, these observations suggest that an uptake or elimination of trace metals (Cd and Pb) accompany the growth of abalone in each coastal area.
Abalone may have a metabolic strategy discriminating between essential metals and non- the relationship between trace metal concentrations and shell length. The fundamental physiological differences that distinguish the subspecies may control the differences observed for the uptake and elimination of those metals as the animal grows. The same phenomenon has been found to occur in the different species of abalones between H. discuss and H. sieboldii muscles with regard to lead. 7 In contrast, differences in habitat temperatures might play an important role in the uptake and elimination of trace metals in the muscles of each species. Haliotis discus hannai generally inhabits colder water than H. discus. 5 It has been reported that differences in environmental temperature influence the rate and amount of uptake and elimination of trace metals in molluscan tissues. 12 The same phenomenon might also affect the uptake and elimination of trace metals in molluscan muscle. In order to explore these phenomena, cultivation experiments carrying out at different temperatures should be performed.
essential metals, a strategy that may be expressed to a greater degree in larger specimens than in smaller ones in terms of growth. In general, Cu, Mn and Zn are believed to be essential metals that can be regulated by organisms, whereas Cd and Pb are believed to be non-essential metals. [5] [6] [7] [8] [9] [10] [11] The urgency of rapid abalone development during the rapid growth stage requires that metal absorption in the stomach or intestines minimizes discrimination between the essential and non-essential metals, resulting in the 'overlooking' of these. As the abalone grows larger and the rate of growth decreases, discrimination against those nonessential metals in favor of essential metals will become increasingly effective, reaching a plateau with slower absorption rates. Under those conditions, Cd and Pb concentrations from the early growth stage might gradually decrease as the organism moves into adulthood.
The abalones, Haliotis discus hannai from Onagawa and H. discus from Amatsu Kominato, showed clear differences in the regression slopes of T Arai et al.
discriminate between essential and non-essential metals, with this ability developing as the organisms age. The effect was found to be almost consistent, despite habitat variations in absolute concentrations in a given environment. These findings suggest that the influence of internal factors, such as the growth of each species, need to be considered when using molluscan muscles for precise biomonitoring of trace metals in coastal environments.
